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Shifts in commensal microbiota composition are
emerging as a hallmark of gastrointestinal inflamma-
tion. In particular, outgrowth of g-proteobacteria has
been linked to the etiology of inflammatory bowel
disease and the pathologic consequences of infec-
tions. Herewe show that following acute Toxoplasma
gondii gastrointestinal infection of mice, control of
commensal outgrowth is a highly coordinated pro-
cess involving both the host response and microbial
signals. Notably, neutrophil emigration to the intesti-
nal lumen results in the generation of organized intra-
luminal structures that encapsulate commensals
and limit their contact with the epithelium. Formation
of these luminal casts depends on the high-affinity
N-formyl peptide receptor, Fpr1. Consequently, after
infection, mice deficient in Fpr1 display increased
microbial translocation, poor commensal contain-
ment, and increased mortality. Altogether, our study
describes a mechanism by which the host rapidly
contains commensal pathobiont outgrowth during
infection. Further, these results reveal Fpr1 as a
majormediator of host commensal interaction during
dysbiosis.
INTRODUCTION
All barrier surfaces are covered by a diverse and abundant mi-
crobiota, with the human intestine harboring 1015 microbes,
composed of an estimated 4,000 individual strains (Eckburg
et al., 2005; Ley et al., 2006). A central strategy utilized by the
mucosal immune system tomaintain its homeostatic relationship
with the microbiota is to minimize contact between luminal
microorganisms and the epithelial cell surface. This is accom-
plished by establishment of a structural and immunological
barrier, referred to as the mucosal firewall, resulting from the
combined action of mucus, IgA, and antimicrobial proteins318 Cell Host & Microbe 14, 318–328, September 11, 2013 ª2013 El(Hooper et al., 2012). Under steady-state conditions, commen-
sals can promote their own containment by enhancing various
aspects of this physical and immunological barrier (Brandl
et al., 2008; Vaishnava et al., 2011).
The gastrointestinal (GI) tract represents one of the primary
sites of exposure to pathogens. In this highly reactive environ-
ment, infections can threaten the homeostatic relationship with
the flora. Acute mucosal infections are also characterized by
significant shifts in the microbiota, a phenomenon known as
dysbiosis. GI infections can also promote expansion of com-
mensals with inflammatory potential, referred to as patho-
bionts, that can directly exacerbate the pathological process
(Egan et al., 2012; Heimesaat et al., 2006; Lupp et al., 2007;
Stecher et al., 2007). Paneth cell death and enhanced nitrate
levels have both been proposed as mechanisms underlying
expansion of proteobacteria during inflammation (Raetz et al.,
2013; Winter et al., 2013). In particular, g-proteobacteria domi-
nance has emerged as a hallmark of acute mucosal infections
and enhanced pathology (Egan et al., 2012; Heimesaat et al.,
2006; Lupp et al., 2007; Stecher et al., 2007). One of the first
examples of this scenario was demonstrated in an oral model
of Toxoplasma gondii infection in which g-proteobacteria-medi-
ated pathology is associated with exuberant sensing of com-
mensals (Benson et al., 2009; Craven et al., 2012; Heimesaat
et al., 2006; Raetz et al., 2013). As such, this model provides
a powerful tool to examine the relationship between the expan-
sion of g-proteobacteria and the etiology of inflammatory
disease.
The volatile nature and pathogenic potential of commensal
populations during an inflammatory response poses a significant
challenge for the host, specifically maintaining or restoring
microbial diversity and spatial segregation with the microbiota.
Indeed, sustained bacterial contact with the epithelium, as well
as shifts in microbiota composition or sensing, have been asso-
ciated with inflammatory bowel disease (IBD), a condition char-
acterized by chronic inflammation of the intestinal tract
(Abraham and Cho, 2009). Furthermore, impaired bacterial
recognition, as well as alterations in the intestinal microbiota,
has been associated with GI inflammation (Hugot et al., 2001;
Man et al., 2011; Mann and Saeed, 2012; Sokol et al., 2009;
Willing et al., 2009). Notably, increased levels of proteobacteria,sevier Inc.
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Figure 1. g-Proteobacteria Outgrowth Is
Rapidly Contained during T. gondii Infection
Mice were orally infected with 15 T. gondii cysts.
(A) Fecal and small intestine mucosa-associated
bacteria were isolated from naive and day 9 p.i.
mice. Pie charts show the percent of total 16S
reads identified with each phylum and are repre-
sentative examples of three to five mice. Columns
below indicate the mean percent ± SD of reads
from each phylum in mucosa-associated samples
from naive (left) and infected (right) mice.
(B) Total 16S reads identified as g-proteobacteria
in feces and mucosa-associated compartment
from (A).
(C) Enterobacteriaceae-specific semiquantitative
PCR from fecal DNA at different time points after
infection. Open circles represent individual mice
and each bar represents the mean ± SEM. All data
shown are representative of two independent
experiments. *p < 0.05, **p < 0.01. See also Fig-
ure S1.
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Commensal Containment during T. gondii Infectionspecifically Escherichia coli, Campylobacter concisus, and en-
terohepatic Helicobacter, have all been associated with the
pathogenesis of IBD (Darfeuille-Michaud, 2002, 2004; Liu et al.,
1995; Lodes et al., 2004; Mukhopadhya et al., 2012; Swidsinski
et al., 2005). In further support of a link between proteobacteria
and intestinal pathology, inability to control outgrowth of this
group of bacteria in TLR-5-deficient mice leads to mucosal
inflammation (Carvalho et al., 2012). Additionally, chronic
mucosal inflammation can induce the expansion of defined
strains of E. coli that directly promote invasive carcinoma in
genetically susceptible hosts (Arthur et al., 2012). Under inflam-
matory settings, in order to prevent these pathologic outcomes,
the host must restore microbial diversity, contain the outgrowth
of commensal pathobionts, and limit bacterial contact with the
epithelium. How such a complex task is accomplished remains
unknown.
To discover immune mechanisms that restrict host-bacteria
contact and outgrowth during inflammation, we utilized a
model of acute mucosal T. gondii infection. Our results
revealed a highly coordinated mechanism of commensal
containment during inflammation characterized by the genera-
tion of intraluminal casts. This mechanism, directly triggered
by g-proteobacteria and mediated by the N-formyl peptide
chemoattractant receptor Fpr1, allows for the rapid encapsula-
tion of bacterial outgrowth, restores the required segregation
between the microbiota and epithelium, and limits microbial
translocation.Cell Host & Microbe 14, 318–328, SeRESULTS
Transient Outgrowth of
g-Proteobacteria during T. gondii
Infection
T. gondii infection induces a dramatic
shift in the small intestine microbiota
with increased bacterial content, reduced
species diversity, and increase in
adherent and invasive E. coli (Heimesaat
et al., 2006; Craven et al., 2012). Expand-ing upon this observation, metagenomic analysis of the feces
and small intestine mucosa-associated bacteria from T. gondii-
infectedmice revealed a dramatic outgrowth of g-proteobacteria
and more specifically bacteria of the family Enterobacteriaceae
(Figures 1A–1C and see Figure S1A online). Further analysis of
microbiota composition revealed significant reductions in Firmi-
cutes, in particular the class of Clostridia, which have previously
been implicated as potent inducers of regulatory T cells (Atarashi
et al., 2011) (Figure 1A and Figure S1B). Concomitant with the
dysbiosis, T. gondii infection leads to the translocation of aerobic
bacteria, in particular the Enterobacteriaceae family members
E. coli and Proteus mirabilis, to peripheral organs by day 8 post-
infection (p.i.) (Hand et al., 2012). Remarkably, outgrowth of
pathogenic commensals was rapidly contained and restored to
the preinfection levels by day 15 p.i. (Figure 1C), suggesting
that mechanisms are in place to rapidly restore the host’s ho-
meostatic relationship with the flora.
Intraluminal Cellular Casts Limit Commensal Contact
with the Epithelium and Control Bacterial Translocation
At day 9 after T. gondii infection, fluorescence in situ hybridiza-
tion (FISH) with a panbacterial 16S probe revealed a close asso-
ciation between bacteria and jejunal epithelium when compared
to naive tissue (Figures 2A and 2B). Contrasting this, in the distal
portion of the small intestine, the ileum, commensal outgrowth
was segregated from the epithelium by an average of greater
than 100 mM (Figure 2C). Physical segregation of the microbiotaptember 11, 2013 ª2013 Elsevier Inc. 319
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Figure 2. Intraluminal Cellular Casts Limit Commensal Contactwith Epithelium andControl Bacterial Translocation during T. gondii Infection
Mice were orally infected with 15 T. gondii cysts.
(A–E) Visualization of relative abundance and localization of bacteria by FISH in the small intestine. Sections were hybridizedwith a panbacterial 16S probe (green)
and counterstainedwith DAPI to visualize nuclei (blue). (A andB) Sections from the jejunumof (A) naive and (B) day 9 p.i. mice. (C–E) Sections from the ileum of day
9 p.i. mice. The white dashed lines represent the border of the ileal epithelium (C) or the border of the cellular casts that surround the bacteria (D and E). Red box
shows area of increased segregation between bacteria and epithelia at higher magnification.
(F and G) Bacterial 16S gene analysis of intraluminal casts by semiquantitative PCR using primers specific for the following: Enterobacteriaceae (Enterob),
Escherichia coli (E.coli), Bacteroides, Eubacterium rectale/Clostridium coccoides (EREC) group, segmented filamentous bacteria (SFB), and Lactobacillus/
Lactococcus (Lactobacillus) group. Values are calculated relative to naive. Open circles represent individual mice, and each bar represents the mean ± SEM
(*p < 0.05, **p < 0.01).
Cell Host & Microbe
Commensal Containment during T. gondii Infectionfrom the ileal epithelium resulted from massive accumulation of
host cells in the lumen organized into a defined structure, further
referred to as intraluminal casts, surrounding the bacterial
outgrowth (Figures 2C–2E). Compared to the naive lumen, casts
contained increased levels of g-proteobacteria and more specif-320 Cell Host & Microbe 14, 318–328, September 11, 2013 ª2013 Elically E. coli (Figures 2F and 2G). In contrast, other commensals
assayed, including those from the genus Bacteroides, the Lacto-
bacillus/Lactococcus group, and segmented filamentous bacte-
ria (SFB), were not detected (Figures 2F and 2G). To assess the
cellular composition of these structures, cells were isolated fromsevier Inc.
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Figure 3. Neutrophils and Inflammatory
Monocytes Are Major Components of Intra-
luminal Casts
Cells from the luminal contents of naive and
T. gondii-infected mice (day 9 p.i.) were isolated
and analyzed by flow cytometry.
(A) Contour plot (right) shows endothelial and
CD45+ hematopoietic cells. Numbers indicate the
mean ± SEMpercent in each gate. Bar graphs (left)
show mean ± SEM of live cells isolated from the
lumen of the small intestine.
(B) Contour plots show the percent of luminal cells
in the CD11b+Ly6C+ innate leukocytes (top left).
Number indicates the mean ± SEM percent in the
gate. CD11b+Ly6C+ cells were further classified
as MHC-II+Ly6G inflammatory monocytes and
MHC-IILy6G+ neutrophils (top right). Bar graphs
represent mean relative levels ± SEM of CD45+
CD11b+Ly6C+ myeloid cells and the ratio of neu-
trophils and inflammatory monocytes in the intra-
epithelial (IE) compartment and small intestinal
lumen (SIL).
(C) ROS production by neutrophils (Ly6G+) and
monocytes (Ly6G) from the small intestine lamina
propria (siLP), IE, and SIL was analyzed directly
ex vivo by flow cytometry. Contour plots are gated
on live CD45+Ly6C+CD11b+ cells. Number in each
quadrant represents the percent of total.
(D) Total number of luminal inflammatory mono-
cytes and neutrophils over the first 2 weeks of
infection. All bar graphs represent themean ± SEM
of three to five mice analyzed. All data shown are
representative of two to four independent experi-
ments. *p < .05, **p < .01, ***p < .001. See also
Figure S2.
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Commensal Containment during T. gondii Infectionthe small intestine lumen (SIL) and evaluated by flow cytometry
(Figure S2). Under steady-state conditions, a small number of
cells could be recovered from the SIL as part of the normal turn-
over and delamination of the epithelium (Potten et al., 1992) (Fig-
ure 3A). As infection progressed, this compartment became
highly enriched in cells of the hematopoietic lineage and in
particular neutrophils as well as Ly6Chi inflammatorymonocytes,
and epithelial cells (Figures 3A and 3B). Of note, the SIL repre-
sents a unique immunological niche relative to the epithelial
compartment, as the percentage of inflammatory cells and the
ratio of neutrophils and inflammatory monocytes were distinct
between the two compartments (Figure 3B). Further, SIL neutro-
phils were highly activated compared to those in both the lamina
propria (LP) and the intraepithelial (IE) compartment, with more
than 50% of the Ly6G+ cells producing reactive oxygen species
(ROS) in the absence of exogenous stimulation (Figure 3C).
Following a similar pattern to g-proteobacteria expansion and
contraction, intraluminal accumulation of innate cells was
restored to basal levels by day 15 p.i. (Figure 3D). Thus, the for-
mation of intraluminal casts occurs in tandemwith the outgrowth
of commensal pathobionts during acute infection.
Neutrophils Promote Intraluminal Containment of
Commensals during T. gondii Infection
Imaging and flow cytometry analysis supported the hypothesis
that (1) intraluminal containment structures were required to
restore the spatial segregation between commensals and the
epithelium, and (2) neutrophils and inflammatory monocytesCell Host & Mwere a major component of the intraluminal casts (Figures 2E
and 3B). To address these points, we depleted T. gondii-in-
fected mice of both neutrophils and inflammatory monocytes
using anti-Ly6G/Ly6C antibody (a-Gr1) starting at day 7 p.i. (Fig-
ure S3A) (Dunay et al., 2010). Anti-Gr1 treatment abrogated the
establishment of the intraluminal casts (Figures 4A and 4B).
Treatment of mice with the anti-Ly6G neutrophil-specific anti-
body, 1A8 (Dunay et al., 2010), similarly prevented the formation
of the containment structures (Figure 4C). In contrast to isotype
control treated mice, the bacterial 16S FISH signal was
observed within the intestinal villi of the ileum of mice treated
with a-Gr1 antibody (Figure 4D, 633 insert). Consistent with
this observation, a-Gr1 and a-Ly6G treatment led to increased
translocation of bacteria from the GI tract to the spleen and
mesenteric lymph node (mLN) (Figures 4E and 4F). Neutrophil
depletion also resulted in increased levels of mucosa-associ-
ated g-proteobacteria (Figure 4H). Moreover, treatment with
a-Gr1 antibody was associated with increased mortality despite
no increase in parasite burden (Figure 4G and Figure S3B). Mor-
tality in a-Gr1-treated mice could be prevented by injection of
broad-spectrum antibiotics, implicating systemic dissemination
of commensal bacteria as a major factor contributing to
enhanced lethality (Figure 4G). These results demonstrate that
neutrophils play a critical role in the control of microbial translo-
cation during T. gondii infection, and that inflammatory cells, in
particular neutrophils, are required for the formation of intralumi-
nal casts. Further, our present data suggest that these struc-
tures may play an important role in containing the pathogenicicrobe 14, 318–328, September 11, 2013 ª2013 Elsevier Inc. 321
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Figure 4. Neutrophils Are Necessary for
Luminal Cast Formation and Control of
Bacterial Translocation in T. gondii-Infected
Mice
T. gondii-infected mice were treated with either rat
IgG (control), a-Gr1, or a-Ly6G depleting antibody
starting 7 days p.i. Some infected mice were also
treated with antibiotics from day 7 p.i.
(A–D) Visualization of bacteria localization relative
to intestinal villi by FISH (green, panbacterial 16S
probe; blue, DAPI) in mice treated with antibodies
as indicated. White lines indicate the epithelial cell
border. Arrows indicate examples of tissue-asso-
ciated bacteria.
(E and F) Systemic translocation of aerobic bac-
teria in spleen and mLN at day 10 p.i. in mice
treated with antibodies as indicated. Each bar
represents the mean ± SEM of four to five mice
analyzed.
(G) Survival curve ofT. gondii-infectedmice treated
with either rat IgG, a-Gr1, or a-Gr1 and antibiotics
(five mice per group, **p < 0.01, ++p < 0.01).
(H) 16S gene analysis of small intestine luminal and
mucosa-associated bacteria using primers spe-
cific for Enterobacteriaceae or E. coli. Open circles
represent individual mice. All data shown are
representative of two independent experiments
(*p < 0.05, **p < 0.01). ND, not detected. See also
Figure S3.
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Commensal Containment during T. gondii Infectionoutgrowth of commensals intraluminally and in preventing their
systemic dissemination.
N-Formyl Peptides and g-Proteobacteria Promote the
Formation of Intraluminal Casts
Because of the high pathogenic potential of g-proteobacteria,
we hypothesized that g-proteobacteria may either directly or
indirectly control luminal recruitment of neutrophils and encap-
sulation of bacterial outgrowth. To address these points, we
inoculatedmice by oral gavagewith two species of g-proteobac-
teria isolated from T. gondii-infected mice (E. coli or P. mirabillis)
or Lactobacillus paracaseii at day 6 p.i. Increasing levels of g-
proteobacteria but not L. paracaseii led to heightened neutrophil
emigration to the lumen, compared to control (Figure S4A). To
further establish a link between g-proteobacteria and intralumi-322 Cell Host & Microbe 14, 318–328, September 11, 2013 ª2013 Elsevier Inc.nal casts, we utilized germ-free (GF)
mice born in aseptic conditions and
reared in isolators. GF mice were colo-
nizedwith amixture of eight bacterial spe-
cies, referred to as altered Schaedler flora
(ASF), which is noninflammatory and
devoid of g-proteobacteria (Dewhirst
et al., 1999; Geuking et al., 2011). Bacte-
rial outgrowth and recruitment of neutro-
phils and inflammatory monocytes in the
SIL were minimal in ASF mice following
T. gondii infection (Figure 5A). Thus,
T. gondii in combination with benign
bacteria is not sufficient for the induction
of intraluminal casts. Addition of a
mixture of g-proteobacteria (E. coli andP. mirabilis) to mice associated with ASF led to a substantial in-
crease in bacterial load, as well as dramatic increases in cellular
transmigration into the SIL (Figures 5A–5C). Further, in contrast
to ASF mice, addition of g-proteobacteria triggered the forma-
tion of intraluminal casts (Figure 5A). Importantly, these changes
were not a consequence of alterations in parasitic load (Fig-
ure S4B). Thus, the g-proteobacteria E. coli and P. mirabilis are
sufficient to orchestrate the formation of intraluminal casts.
Increased emigration of inflammatory cells into the SIL could
result from epithelial or hematopoietic cell-derived signals and/
or direct signals from the g-proteobacteria. Indeed, both patho-
genic and commensal bacteria can produce or induce numerous
factors including chemokines, leukotrienes, and formyl peptides,
all of which are able to recruit leukocytes to sites of inflammation
(Chin and Parkos, 2007). In particular, formyl peptides, a major
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Figure 5. g-Proteobacteria Promote Luminal Recruitment of Inflammatory Cells
Germ-free mice were colonized with either ASF bacteria or ASF + g-proteobacteria and then infected with T. gondii.
(A) Representative image of 16S FISH staining of ileal sections. The white dashed lines represent the border of the cellular casts.
(B) Contour plots show the percentage of CD11b+Ly6C+ leukocytes isolated from the lumen. Numbers indicate the mean ± SEM percent inside the gate.
(C) Number (mean ± SEM) of inflammatory monocytes and neutrophils isolated from the small intestine lamina propria, IE, and lumen (SIL) of ASF or ASF +
g-proteobacteria mice.
(D) Supernatants isolated from E. coli and P. mirabilis (P. mira) cultures were tested for their ability to induce calcium flux in neutrophils. Histogram indicates the
calcium flux over time from purified neutrophils, treated as indicated (fMLF, N-formyl methionine leucyl phenylalanine; PK, Proteinase K). See also Figure S4.
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coupled receptors on phagocytic leukocytes and could poten-
tially drive their emigration to the small intestinal lumen (Schiff-
mann et al., 1975). Consistent with this, both E. coli and
P. mirabilis supernatants were able to potently activate neutro-
phils, as assessed by the supernatant capacity to induce calcium
flux in a manner comparable to the prototypic formyl peptide,
N-formyl methionine leucyl phenylalanine (fMLF) (Figure 5D).
Also consistent with a potential involvement of formyl peptides,
such an effect was greatly diminished by Proteinase K treatment
(Ojode et al., 2012) (Figure 5D).
During T. gondii infection, the high-affinity N-formyl peptide
receptor Fpr1 was the formyl peptide receptor most expressed
on neutrophils isolated from the LP (Figure S5A). To address a
potential role for g-proteobacteria-derived formyl peptides in
the formation of intraluminal casts, mice lacking expression of
Fpr1 (Hartt et al., 1999; Le et al., 2002) were orally infected
with T. gondii. Recruitment of neutrophils was greatly dimin-
ished, and luminal casts failed to form in Fpr1/ mice at day 9
p.i. (Figures 6A–6C). Loss of containment led to enhanced
contact of commensals with epithelial cells in Fpr1/ mice
compared to wild-type (WT) mice (Figure 6B). Concomitantly,
significantly increased translocation of commensals to mLNCell Host & Mand spleen and enhanced mortality was observed in Fpr1/
mice compared to WT mice (Figures 6D–6E). Increased lethality
was not associated with higher parasite burden in Fpr1/mice,
or with changes in effector T cell responses (Figures S5B and
S5C). At day 11 postinfection, in the surviving Fpr1/ mice,
some neutrophils were recruited to the lumen, although total
numbers remained significantly reduced compared to WT mice
(Figure S5D). Thus, although alternative mechanisms may be
able to compensate for Fpr1 deficiency, early and optimal
neutrophil recruitment and containment of bacteria in the ileum
are highly dependent on this pathway. These results support
the idea that g-proteobacteria sensing, via an Fpr1-dependent
mechanism, controls the establishment of intraluminal casts
that in turn can control pathology by promoting bacterial clear-
ance and limiting contact between the epithelium and the
commensal outgrowth.
DISCUSSION
Outgrowth of commensals with inflammatory potential repre-
sents a formidable challenge for the immune system. Notably,
g-proteobacteria dominance and emergence of strains with
enhanced invasive properties has been linked to severeicrobe 14, 318–328, September 11, 2013 ª2013 Elsevier Inc. 323
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Figure 6. Formyl Peptide Receptor 1 Is Required for the Establishment of Intraluminal Cast during T. gondii Infection
Fpr1/ and wild-type (WT) control mice were infected orally with 15 T. gondii cysts.
(A) Representative contour plots showing the percent (mean ± SEM) of CD11b+Ly6C+ cells (left) and ROS production by Ly6G+ neutrophils (right) isolated from the
lumen of WT and Fpr1/ mice at day 9 p.i.
(B) Representative image of 16S FISH staining of sections from infected WT and Fpr1/ ileum. The white dashed line indicates the border of the epithelium.
(C) Total numbers (mean ± SEM) of neutrophils and inflammatory monocytes in the SIL of WT and Fpr1/ mice at day 9 p.i.
(D) Systemic translocation of aerobic bacteria in spleen andmLN ofWTmice or Fpr1/mice at day 10 p.i. All bar graphs represent the mean ± SEM of two to five
mice analyzed.
(E) Survival curve of T. gondii-infected wild-type and Fpr1/mice (ten mice per group). All data shown in (A)–(E) are representative of two to three independent
experiments (*p < 0.05).
(F) Model of intraluminal cast formation during g-proteobacteria outgrowth. Upon infection, outgrowth of bacteria in the jejunum leads to enhanced microbial
contact with the epithelium and increased density ofN-formyl peptides. This triggers a cascade of responses eventually leading to innate cell recruitment into the
lumen in an Fpr1-dependent manner, concomitantly inducing delamination of the epithelium. These events lead to the formation of temporary containment
structures that physically contain the bacteria from the ileal epithelium, and allow for elimination of the bacteria via peristalsis as a solid structure. See also
Figure S5.
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Commensal Containment during T. gondii Infectionconditions ranging from IBD to carcinogenesis (Arthur et al.,
2012; Darfeuille-Michaud et al., 2004; Gulati et al., 2012; Liu
et al., 1995; Lodes et al., 2004; Mukhopadhya et al., 2012; Swid-
sinski et al., 2005). How the host controls outgrowth of
commensal pathobionts during infection and prevents their dele-
terious consequences remains poorly understood. Our present
work reveals a host response limiting the pathogenic conse-
quences of microbiotal dysbiosis associated with acutemucosal
infection.
The central feature of the mechanism we describe is a multi-
cellular cast in the ileal lumen of T. gondii-infected mice that is
composed of a layer of inflammatory cells including neutrophils,
along with epithelial cells that ‘‘wall off’’ potentially harmful com-
mensals. These casts are distinct from classic white cell casts
present in the collecting system of the kidney and excreted in
the urine of patients with acute pyelonephritis (Bagshaw et al.,
2006; Iva´nyi et al., 1988). On the other hand, like nephritic casts,
commensal casts in the ileum represent a tissue-specific
response to acute infection. Further, intraluminal casts occur in
response to commensal outgrowth and are therefore distinct
from pseudomembranes that develop in response to bacterial
toxins and in the context of infections such as Clostridium diffi-
cile. We propose that during inflammation, outgrowth of bacteria
in the jejunum resulted in enhanced microbial contact with
epithelial cells, triggering a cascade of responses eventually
leading to neutrophil transmigration. Neutrophil migration across
the epithelium then leads to enhanced delamination of epithelial
cells. These cumulative effects could ultimately orchestrate the
formation of containment structures that are then physically
eliminated by peristalsis (Figure 6F). The formation of luminal
casts can be hypothesized to have several outcomes: (1) main-
tain segregation between the epithelium and inflammatory bac-
teria in order to prevent sustained inflammation in the ileum and
large intestine, (2) reduce translocation of invasivemicrobes, and
(3) physically remove bacterial outgrowth in a solid structure.
Despite the beneficial role of commensals for host physiology,
a fraction of this complex community of microbes has the po-
tential to trigger and contribute to pathology. These pathogenic
bacteria, or pathobionts, can rapidly expand and dominate over
other commensal species as a consequence of inflammation.
Although we show that cast formation is associated with the
control of commensal g-proteobacteria outgrowth during acute
infection with T. gondii, these structures are likely involved in
the control of all bacteria with enhanced inflammatory properties
including ‘‘bona fide’’ pathogens.
Our data support the idea that N-formyl peptides are key
contributors to the commensal containment process. N-formyl
peptides can be produced in nature by the degradation of either
bacterial or host cell mitochondrial proteins, all of which are for-
mylated on the N-terminal methionine. Thus, N-formyl peptides
represent a major byproduct of bacterial and mitochondrial
metabolism (Chadwick et al., 1988; Schiffmann et al., 1975). As
such, these peptides are not only ubiquitous in the context of
inflammation or infection but are highly diverse structurally and
functionally (Ye et al., 2009). Recognition of N-formyl peptides
by mammalian cells occurs via a family of seven transmembrane
domain G protein-coupled receptors, with Fpr1 representing the
high-affinity receptor for fMLF, the prototypic N-formyl peptide
isolated from E. coli (Marasco et al., 1984; Schiffmann et al.,Cell Host & M1975; Ye et al., 2009). These peptides, considered as danger-
associated molecular pattern molecules (DAMPs), are capable
of alerting the immune system in the context of enhanced cell
death or exposure to pathogenic bacteria. For instance, Fpr1-
deficient mice display increased susceptibility to Listeria mono-
cytogenes infection (Gao et al., 1999; Liu et al., 2012). How
formyl peptide receptors control interaction of commensals
with their host was previously unknown. Under steady-state
conditions, the major leukocyte chemotactic factors in the
mouse intestinal lumen appear to be Fpr1 independent (Ojode
et al., 2012), suggesting that in the absence of inflammation,
formyl peptides may not represent a dominant signal in this
dialog. On the other hand, our data propose that, during inflam-
mation, a major function of these receptors may be associated
with their capacity to promote commensal containment.
Containment of g-proteobacteria during inflammation was
mediated by the capacity of neutrophils to migrate to the lumen
in an Fpr1-dependent manner. Based on the multiple potential
targets and sources of these peptides, we could propose several
nonexclusive scenarios for the requirement of g-proteobacteria
in this phenomenon. Based on the unique capacity of E. coli or
P. mirabilis to expand during inflammation, the sheer density of
these bacteria may reach an optimal threshold of formyl peptide
concentration required for neutrophil recruitment to the lumen.
Further, given the inflammatory potential of g-proteobacteria,
formyl peptides could be also released by injured epithelial cells
and necrotic inflammatory cells. Such effects may additionally
be linked to our observation that during infection, g-proteobac-
teria thrives in the mucosa-associated fraction of the jejunum.
In addition to direct neutrophil activation by formyl peptide,
part of the effect observed could be indirect, as formyl peptides
can also activate epithelial cells and potentially promote epithe-
lial cell secretion of various chemoattractants. Finally, we cannot
exclude the possibility that E. coli and P. mirabilis isolates from
the T. gondii-infected host produce highly potent formyl pep-
tides compared to more benign commensal species. Indeed,
pathogens such as L. monocytogenes and Staphylococcus
aureus produce formyl peptides with enhanced neutrophil activ-
ity compared to the prototypic E. coli-derived formyl peptide,
N-formyl-Met-Leu-Phe (Southgate et al., 2008). In addition to
their potent chemotactic activity, N-formyl peptides may directly
promote pathobiont killing in the lumen, as high concentrations
of N-formyl peptides lead to the generation of superoxide (Ye
et al., 2009). Consistent with this observation, neutrophils pre-
sent in the lumen during T. gondii infection are highly activated
and produce large amounts of ROS. Intriguingly, neutrophil
recruitment to the LP of the large intestine is Fpr1 independent
in a model of acute mucosal injury mediated by DSS (Farooq
and Stadnyk, 2012). However, in this study, the capacity of neu-
trophils to transmigrate to the lumen was not assessed. In
contrast, and consistent with our present findings, Fpr1-deficient
mice treated with DSS displayed increased inflammation, sup-
porting the notion of poor commensal containment in the
absence of this receptor (Farooq and Stadnyk, 2012). Although
deciphering the exact mechanism of action and target of these
peptides in the GI tract remains complex, our present work re-
veals a role for commensal-derived and/or triggered formyl pep-
tides in the recruitment of neutrophils to the GI tract and in the
control of dysbiosis.icrobe 14, 318–328, September 11, 2013 ª2013 Elsevier Inc. 325
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but are also critical mediators of collateral damage to tissue
(Chin and Parkos, 2007; Grisham and Granger, 1988). Of note,
crypt abscesses, a classical feature of ulcerative colitis, result
from transmigration of large numbers of neutrophils across tight
junctions and accumulation within epithelial crypts (Xavier and
Podolsky, 2007). Further, neutrophils contribute to pathology
occurring during acute infections (Dunay et al., 2010; Grainger
et al., 2013). Of high relevance to our present findings, Fpr1 poly-
morphisms in humans have been linked to severe diseases
occurring at sites colonized by commensals, including severe
periodontitis, stomach cancer, and recurrence of colon cancer
(Huang et al., 2010; Otani et al., 2011; Perez et al., 1991; Seifert
and Wenzel-Seifert, 2001). Further N-formyl peptide receptor
expression has been reported to be increased in Crohn’s dis-
ease (CD) patients (Anton et al., 1989). Together with these clin-
ical associations, our present findings support the idea that when
uncontrolled, the response to commensal-derived formyl pep-
tides may play an important role in promoting tissue damage
and inflammation.
IBD represents a major health burden (Loftus, 2004), and while
many studies have demonstrated a capacity for the microbiota
to initiate and exacerbate IBD, few studies have addressed
how the host responds to re-establish control over dysbiosis
during acute flares (Saleh and Elson, 2011). Our present model
of acute mucosal infection reproduces some of the key features
of CD. Namely, T. gondii infection is characterized by massive
mucosal inflammation associated with commensal shifts, remi-
niscent of the ones observed in CD patients (Darfeuille-Michaud
et al., 2004; Liu et al., 1995; Lodes et al., 2004; Mukhopadhya
et al., 2012; Swidsinski et al., 2005). Based on our present find-
ings, we propose that the Fpr1-dependent containment strategy
has developed as a means to control bystander outgrowth of
bacteria during infection and that failure to develop or control
this responsemay lead to severe disorders such as inflammatory
bowel diseases.
EXPERIMENTAL PROCEDURES
Mice and Parasite
C57BL/6 (WT) and Fpr1/ (backcrossed ten generations onto the C57BL/
6NTac background) were obtained from Taconic Farms. GF C57BL/6 mice
were bred at Taconic Farms and maintained in isolators at the NIAID gnotobi-
otic facility. All micewere bred andmaintained under pathogen-free conditions
at an American Association for the Accreditation of Laboratory Animal Care-
accredited animal facility at the NIAID animal facility and housed in accordance
with the procedures outlined in the Guide for the Care and Use Committee.
Gender- and age-matched mice between 8 and 12 weeks of age were used
for all experiments. In experiments using knockout mice, WT and knockout
mice were cohoused for 2 weeks prior infection. ME-49 clone C1 (expressing
RFP) was used for infection as described previously (Oldenhove et al., 2009).
Colonization of Germ-free Mice
ASF-colonized GF C57BL/6 mice were generated by inoculating GF mice with
ASF bacteria according to standard protocol. Briefly, GF mice were gavaged
first with bacteria ASF 360 (Lactobacillus acidophilus), 361 (Lactobacillus mur-
inus), and 519 (Bacteroides distasonis) and then 2 or 3 days later with bacteria
ASF 356 (Clostridium sp.), 457 (Mucispirillum schaedleri), 492 (Eubacterium
plexicaudatum), 500 (Firmicutes sp.), and 502 (Clostridium sp.). In some exper-
iments, GF mice were also colonized with Escherichia coli and Proteus mirabi-
lis isolated from the intestinal flora of T. gondii-infectedmice. Colonization was
confirmed by performing PCR using DNA isolated from fecal samples, and326 Cell Host & Microbe 14, 318–328, September 11, 2013 ª2013 Elprimers specific for the variable region of 16S rDNA of each individual bacte-
rium. Mice were infected with T. gondii 2 weeks after colonization.
Cell Depletion and Antibiotic Treatment
For depletion of neutrophils and/or inflammatory monocytes, mice were in-
jected intraperitoneally (i.p.) with anti-Gr1 antibody (clone RB6-8C5, 250 mg),
anti-Ly6G antibody (clone 1A8, 500 mg), or rat IgG isotype control every
24 hr starting on day 7 p.i. and until the end of the experiment. In some exper-
iments, T. gondii-infected mice were injected i.p. with ampicillin (200 mg), van-
comycin (100 mg), neomycin sulfate (200 mg), and metronidazole (200 mg)
(Sigma-Aldrich) starting 7 days after the infection.
Cell Isolation
Cells from spleen, lymph nodes, IE, and the siLP were isolated as previously
described (Oldenhove et al., 2009). Cells from the lumen were isolated by
flushing 15 ml of RPMI 3% FBS through the small intestine. The flushed mate-
rial was filtered through a 70 mM cell strainer, resuspended in Nycodenz
gradient (Accurate Chemical), and overlaid with RPMI. Cells were then spun
at 1,500 g, and the interphase was collected.
Antibodies and Flow Cytometry
All antibodies used for flow cytometry were purchased from eBioscience,
except for Ly6G (BD Biosciences). The following antibodies were used:
CD45 (30-F11), CD11b (M1/70), Ly6C (HK1.4), Ly6G (1A8), IFN-g (XMG1.2)
IL-17A (eBio17B7), IL-1-a (ALF-161), and IL-1b (NJTEN3). Dead cells were
discriminated in all experiments using DAPI or LIVE/DEAD Fixable Blue
Dead Cell Stain Kit (Life Technologies), and all stains were carried out in media
containing anti-CD16/32 blocking antibody (clone 93, eBioscience). ROS pro-
duction was measured using dihydrorhodamine (Life Technologies). All flow
cytometry data were acquired on an LSRII FACS analyzer (BD Bioscience)
and analyzed on FlowJo software (Tree Star).
Immunofluorescence/Histology/Electron Microscopy
For FISH, the small intestines were prepared by fixation in 60%methanol, 30%
chloroform, and 10% acetic acid; washed in 70% ethanol; and embedded in
paraffin. Longitudinal sections (5–25 mm) were hybridized to a bacterial 16S
rRNA gene probe: [AminoC6 + Alexa488]  GCTGCCTCCCGTAGGAGT 
[AmC7  Q + Alexa 488] (Eurofins MWG Operon) as previously published
(Ismail et al., 2011) and counterstained with DAPI. Sections were visualized
on a Leica DM IRBE fluorescent microscope.
Bacterial Translocation
Mice were sacrificed and tissues isolated in a laminar flow hood under sterile
conditions. Tissues were mechanically disassociated, diluted, and plated
directly onto tryptic soy agar plates (Sigma-Aldrich). Twenty-four hours later,
bacterial colonies were counted.
Neutrophil Calcium Release Assay
Isolated bone marrow cells were resuspended in PBS and layered on top of a
Histopaque 1077/1119 gradient (3 ml Histopaque 1119 overlayed with 3 ml
Histopaque 1077) and centrifuged at room temperature for 30 min at 700 g
without break. The resulting neutrophil layer (lower layer) was removed,
washed, and plated for the calcium release assay. Intracellular calcium mea-
surements were performed using a FlexStation 3 microplate reader and the
FLIPR Calcium 3 Assay Explorer Kit (Molecular Devices) as previously
described (Ojode et al., 2012). Changes in intracellular calcium concentration
were recorded as relative fluorescence units (RFLU).
Analysis of Bacterial 16S Genes
Fecal pellets were excised from the colon and immediately frozen on dry ice.
Macroscopically visible casts were isolated from the luminal contents after
flushing the small intestine with sterile PBS. Mucosa-associated fractions
were isolated by removing luminal contents and vigorously washing the apical
surface of the small intestine. Genomic DNA was isolated using the QIAmp
DNA stool kit (QIAGEN). 454 sequencing of 16S rRNA genes was performed
as previously described (Naik et al., 2012). For specific 16S ribosomal mea-
surements, bacterial genomic DNA was analyzed by SYBR Green real-time
PCR (Bio-Rad) using 16S rRNA gene primers specific for different bacteriasevier Inc.
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Commensal Containment during T. gondii Infection(see Table S1). The amount of specific 16S ribosomal DNA was calculated by
DCT method as compared to the total 16S ribosomal DNA in each associated
DNA sample.
Statistical Analysis
Groups were compared with Prism software (GraphPad) using either the two-
tailed unpaired Student’s t test, one way ANOVA, or log rank (Mantel-Cox) test
for the survival analysis. For all experiments, p < 0.05 was considered statisti-
cally significant.
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